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Abstract
Traffic in developing countries is often distinguished from others for its diversity in vehicular composition and Passenger Car Equivalents (PCE) becomes essential in such conditions for expressing traffic volume in terms of equivalent number of passenger cars. PCE estimation at two-way stop-controlled intersections in developing countries is further complicated by the lack of movement priority and lane discipline. The study introduces a method to find PCE factors based on the time taken by a queue of vehicles to completely clear the intersection and composition of the queue. The method is validated through simulations in VISSIM software and was then used to derive PCE factors for three intersections in India. Although the method is developed and tested to estimate PCE factors under highly heterogeneous traffic at priority junctions in India, it is quite general in nature and can be used in traffic conditions found in developed countries as well.
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Introduction
A vehicle on approaching a two-way stop controlled (TWSC) intersection often needs to wait for a sufficient gap in the opposing or conflicting traffic stream to complete its manoeuver.
When the opposing traffic flow is continuous, there are very few opportunities for low priority movements to enter the intersection area. As a result, a queue of vehicles is formed.
Vehicles within the queue interact with each other and with those in the opposing stream of traffic while clearing the area of conflict. The potential capacity (C p ) of any movement at an intersection is a function of volume of conflicting traffic (V c ), critical headway (t c ) and follow-up time (t f ). Critical headway refers to the minimum headway in the conflicting traffic stream which is acceptable to a driver in the non-priority stream, while follow-up time is average departure headway in the non-priority stream under a condition of continuous queuing. Highway Capacity Manual (TRB 2010) provides the relationships connecting all these parameters, which is given in Eq.
[1].
[1] ‫ܥ‬ = ܸ (Khan and Maini 1999) .
Van Aerde and Yagar (1984) opined that the major discrepancy among various PCE studies is the consideration of similar PCE factors for capacity, speed, platooning and other types of analysis. Krammes and Crowley (1986) stated that the basis of equivalence should be the parameter used to define LOS of the roadway type. Elefteriadou et al. (1997) (2006) observed that for oversaturated conditions, PCE values for heavy vehicle on freeways increase with the increase in gradient and its length, but the increase in PCE factor became less significant with the increase in percentage of heavy vehicles in the traffic stream.
The relevance of PCE is greatly realized for facilities operating in heterogeneous traffic conditions consisting of a wide variety of vehicles. Elefteriadou et al. (1997) stated that PCE values should be based on the same performance measure as used for LOS designations for the respective facility types. Hence for uninterrupted flows, density is often sought as a measure for estimating PCE. However, density has little relevance in heterogeneous traffic conditions (Khan and Maini 1999) . This may be attributed to the absence of lane discipline coupled with the variation in the physical dimensions of vehicles within the traffic stream.
Headways have also been used to estimate PCE on both interrupted and uninterrupted flow facilities (Sirisoponsilp et al. 2001; Tanaboriboon and Aryal 1990 The present research was taken up with an objective of estimating PCE factors for different categories of vehicles under highly heterogeneous traffic conditions at TWSC intersections.
The method adopted is based on queue clearance rate for a priority movement under prevailing conditions of conflicting traffic. It is further explained in the next section.
Concept of Queue Clearance Rate
Queue formation on low priority streams is quite common at TWSC intersections operating at moderate to heavy traffic flow. In the case of heterogeneous and non-lane based traffic, vehicles may wait behind the stop line abreast rather than standing one behind another. Small [2]
The numerator in the above equation can be obtained using Eq.
[3]. 
Validation of Proposed Method Using Simulation
The concept of queue clearance rate for the estimation of PCE factors as explained above is validated first by simulating vehicular movements at an unsignalized intersection operating under queuing conditions. The purpose of this simulation is merely to validate the QCR method for estimating PCE at intersections that operate with queue formation on the priority km/h respectively. Traffic flow rate on the major road was kept at 1500 veh/hr during the simulation runs. Capacity for the turning movement was assumed to be attained for the maximum flow rate at which the average delay for turning vehicles was not more than 50 s and the difference between the input and outflow of turning traffic was less than 50 vehicles.
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Four data collection points were placed on the network as shown Fig. 2 . Data collection points 1 and 2 are required to record the time of entry and exit of right turn movement from major, while points 3 and 4 are required to record the time of entry of major through traffic.
Fig 2
Each of the simulation runs were performed for a duration of 2100 s which included a 300 s warm-up period to obtain a stable traffic flow and data was collected between 300 s and 2100 s (30 min). Capacity for the movement is obtained by varying the input volume and observing the output when it is maximum while the average delay to a vehicle does not exceed 50 s.
Four sets of simulation runs were carried out with different compositions of turning traffic as given in Table 1 .
Table 1
Simulation case 1 resulted an output of 910 cars indicating that the capacity of right turning movement at a conflicting flow of 1500 pc/hr is 910 pc/hr. This is the capacity under base condition. For a mixed traffic condition in the non-priority stream (Right turn from major in this case), the estimated PCE should be such that when all vehicles are converted into equivalent number of passenger cars, the capacity for the movement should be close to 910 pc/hr corresponding to a conflicting flow of 1500 pc/hr. The capacity of non-priority traffic stream was found for various compositions and the details of each simulation case are given in Table 2 . The average widths of two-wheelers, cars and trucks within VISSIM software are 0.63 m, 1.96 m and 2.50 m respectively.
Table 2
The data regarding the number of vehicles within a queue and the time taken by the queue to completely clear the intersection were extracted for cases 2, 3 and 4 of the simulation runs.
PCE factors for two-wheelers and heavy vehicles were then determined by using Eqs [1] and D r a f t
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[2]. Optimization was carried out on the extracted data using Solver Tool provided in MS
Excel to obtain the required PCE factors. These were used to convert the output volume from each simulation case to equivalent number of passenger cars and this capacity was compared with the base capacity for the movement (910 pc/hr). The estimated PCE factor and percent difference in calculated capacity for the movement in 'all-car situation' are given in Table 3 .
The maximum variation in capacity obtained by converting the mixed traffic stream into equivalent number of cars was less than 6 percent. This shows that the proposed method gives PCE factors that are sufficiently accurate to convert a queued stream of mixed traffic into equivalent number of passenger cars.
Table 3
The formation of a queue and its dissipation at a TWSC intersection depends on the amount of conflicting traffic also. Therefore simulation runs were also made for different volumes of conflicting traffic and PCE values were found out for a stream composed of cars, twowheelers and heavy vehicle. The plot between the conflicting flow and PCE factor is given in Fig. 3 . As may be seen, the PCE value decreases marginally with increase in the conflicting traffic. It is mainly due to low level of freedom to a non-priority movement at higher conflicting traffic flow. When a queue clears the intersection, vehicles have almost no opportunity to overtake and therefore speeds of different vehicle types remain more or less uniform (i.e., relative difference in speeds of different vehicle types reduces at higher volumes). So at higher volumes, it is the static characteristic of vehicles that become significant rather than their dynamic characteristics and thus PCE values gets marginally reduced. However, solution of Eq.
[1] requires large data sets which are possible only when field data are collected for at least one hour of peak time. Therefore, the proposed method would give PCE factors corresponding to the average conflicting traffic during the study period.
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Fig 3
Application of QCR Method for Indian Conditions Field Data Collection
The proposed method as described and validated above was now used to determine PCE factors of different types of vehicles on TWSC intersections in India. Two three-legged intersections from New Delhi and one three legged intersection from Chennai (south city in India) were selected for this study. These intersections were away from the effect of bus stops and were free from pedestrian interference. Data were collected through video recording during a typical weekday for a duration of 90 minutes. The camera was placed at sufficient height to cover the entire intersection area, while at the same time it was placed away from the visibility of oncoming traffic to get unbiased data. Fig. 4 shows the snapshots of the intersections selected for field data collection.
Fig 4 Data Extraction
The recorded video was then used to extract the required information. The time for the queue to clear the conflict area and the vehicles in the queue were extracted using a program coded in visual basic. The screenshot of the program is shown in Fig. 5 . The program is capable of recording simultaneously the time taken by the queue to clear the conflict area as well as the type and numbers of each vehicle type constituting the queue. In this study, vehicles were divided into seven categories; namely motorised two-wheelers, three-wheelers, standard passenger cars, big cars, light commercial vehicles, heavy commercial vehicles and buses. D r a f t
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Big cars refer to the cars of larger dimensions that has an engine displacement of about 2500 cc (like SUVs). Table 4 furnishes the physical dimensions of various types of vehicles considered in this study. The vehicular composition of major and minor streets of the selected intersections are given in Table 5 . Table 4   Table 5 Determination of PCE factors
Fig 5
The data extracted from the video were used to estimate PCE factors using the proposed method. Right turning traffic from major street of intersection-2 was very light and hence the vehicles cleared the intersection without any queue formation. This movement was therefore not considered in this study. Table 6 gives the values of PCE estimated for the different turning movements at three intersections. Few vehicular classes were absent in the right turning movement from major street at intersection-1 during the observation period. PCE factor for two-wheelers was the least since they have very good performance and can squeeze into spaces between larger vehicles as they require less amount of space. The variation among PCE factors for same category of vehicles at different intersections is the result of variation in traffic volume (conflicting volume) at the three intersections. However, this aspect could not be studied further due to limited number of sites selected in the present study. The estimated PCE factors were similar for both right turn from major and right turn from minor. This indicates the absence of movement priorities at intersections operating in developing countries. This paper presents a method which is based on the time that a queue of vehicles take to clear the intersection area and the number of vehicles of each category present in the queue. The study defines the concept of queue clearance rate and assumes that the variation in its value for each of the queue will be minimum if they are composed entirely of cars. PCE factor was found using optimization process aimed at minimizing the coefficient of variation among the queue clearance rate for each queue. The proposed method is validated through simulation in VISSIM by comparing the capacity of an all-car stream with that of mixed traffic stream converted to equivalent number of cars. The method is then applied to the data collected at three three-legged intersections in India. 
